A recent optimality-based model for phytoplankton growth and diazotrophy was applied at two stations located in the oligotrophic western and the ultra-oligotrophic eastern subtropical North Atlantic. Contrary to the common view that diazotrophy is favoured by nitrogen (N) depletion relative to the Redfield equivalent of phosphorus (P), we find that optimality-based diazotrophy could explain N fixation in both regions in spite of relatively high N:P supply ratios. This is possible because the availability of an additional source of N for diazotrophs makes them strong competitors for P under oligotrophic conditions. The best reproduction of observations, especially of net primary production, is only achieved with preferential remineralization of P relative to N and atmospheric deposition. In line with observations, a higher rate of nitrogen fixation is predicted for the eastern site, owing to a larger niche for diazotrophs resulting from stronger oligotrophy and lower N:P supply ratios due to weaker atmospheric N deposition. Because the competitive advantage of diazotrophs under nutrient starvation diminishes with increasing supply N:P ratio, the predicted increase of atmospheric N deposition due to anthropogenic activity could negatively affect N 2 fixation in the Atlantic Ocean.
on time scales from decades to millennia. Despite their oligotrophic nature, due to their large expanse, the subtropical gyres are responsible for about 50% of the marine export production (Emerson et al., 1997) . In these regions, phytoplankton growth is limited by the scarcity of nutrients, mainly nitrogen (N) (Moore et al., 2013; Arteaga et al., 2014) . This limitation, however, can be relieved by the supply of this nutrient into the surface ocean by means of N 2 fixation and atmospheric deposition. Together with upward mixing of nitrate from below, this supply ultimately constrains the amount of fixed carbon that can potentially be exported to the deep ocean (Beckmann and Hense, 2009) . N 2 fixation by diazotrophs is generally considered the most important source of fixed N into the ocean, and is believed to compensate globally for the fixed-N loss through denitrification and anammox (Deutsch et al., 2007) . Numerous studies indicate that this process contributes significantly to the new N input in the oligotrophic ocean (Capone et al., 2005; Mouriño-Carballido et al., 2011; Painter et al., 2013; Fernández-Castro et al., 2015) .
Despite its crucial role in the marine N cycle, the magnitude of global N 2 fixation by marine diazotrophs (Carpenter and Capone, 2008 ) and the mechanisms controlling its regional distribution (Luo et al., 2014) are rather poorly constrained. The view of diazotrophy being tightly coupled to N loss implies a competitive advantage of diazotrophic over ordinary phytoplankton in waters with excess phosphorus (P) relative to the Redfield equivalent of dissolved inorganic nitrogen (DIN) (Deutsch et al., 2007) . Accordingly, most of the marine N 2 fixation should take place in areas close to hot-spots of N loss. However, this is at odds with field observations indicating high abundances of the non-heterocystous diazotrophic cyanobacterium Trichodesmium sp. in the relatively nitrate-rich waters of the western central North Atlantic, which support high rates of N 2 fixation (Capone et al., 2005; Luo et al., 2012) . Indeed, the nitrate excess observed in the thermocline of this region has been usually attributed to diazotrophic activity (Gruber and Sarmiento, 1997; Hansell et al., 2004) . Physiological requirements of Trichodesmium sp. such as warm, well-stratified and ironreplete waters to satisfy the high demands on energy and iron for nitrogenase, might partly explain the observed distribution (Carpenter, 1983; Moore et al., 2009; Fernández et al., 2010) and the spatial decoupling between fixed-nitrogen sinks and sources (Landolfi et al., 2013) . More recently other mechanisms, mainly preferential remineralization of phosphorus (Wu et al., 2000; Monteiro and Follows, 2012) and atmospheric deposition of N of anthropogenic origin (Zamora et al., 2010) , have been identified as potential contributors to this phenomenon. However, a satisfactory explanation of the extent of diazotrophy in nitrogen-rich environments relative to phosphorus, such as the subtropical North Atlantic, is lacking.
Atmospheric fluxes of anthropogenic N into the oceans are increasing (Duce et al., 2008) . According to the current understanding of favourable conditions for diazotrophy in the ocean, it could be expected that this additional source of fixed N, resulting in an increase in the N:P inorganic supply ratio, could allow ordinary phytoplankton to out-compete diazotrophs (Krishnamurthy et al., 2007; Zamora et al., 2010) . Consistent with the hypothesis of iron or phosphorus limitation of diazotrophy, N 2 fixation has been observed to respond positively to the addition of Saharan dust to natural water samples from the eastern subtropical Atlantic (Mills et al., 2004; Moore et al., 2013) . However, negative responses of N 2 fixation to atmospheric N deposition have also been reported (Guieu et al., 2014) .
Optimality-based models offer a new interpretation of the controls of diazotrophy in plankton communities, because conditions favourable for diazotrophy are not prescribed but emerge, indirectly, from trade-offs among energy and cellular resource requirements for the acquisition of P, N and carbon. In this study we apply an optimality-based model of phytoplankton growth and diazotrophy , as part of a complete optimality-based ecosystem model (Pahlow et al., 2008) , to two sites located in the ultra-oligotrophic eastern (25°N 30°W, NASE) and the oligotrophic western (31°N 64°W , NASW) North Atlantic subtropical gyre. Both areas are characterized by moderate N 2 fixation activity (Orcutt et al., 2001; Painter et al., 2013) . The NASW site coincides with the location of the Bermuda Atlantic Time-series Study (BATS) site south of the Gulf Stream, in an area of relatively high N:P ratios in the upper thermocline (Fig. 1) . The main goals of this study are: first to assess the performance of the optimality-based diazotrophy model under different levels of oligotrophy and N:P supply ratios in the subtropical North Atlantic and second to investigate the role of N 2 fixation and its interactions with atmospheric N deposition and preferential P remineralization at both sites.
M E T H O D Adaptation of the plankton model
The plankton model used in this study is a modified version of the model described in Pahlow et al. (2008) , which has been extended to cover dissolved and particulate phosphorus (P) dynamics (Fig. 2) . Only the two main macronutrients (N and P) in inorganic and organic forms are considered. The distinction between organic and inorganic nutrients is defined operationally here, so that dissolved inorganic nutrients (DIN, DIP) are utilizable by both phytoplankton and heterotrophic bacteria, whereas organic nutrients (DON, DOP) are available exclusively to heterotrophic bacteria. Although iron availability might potentially limit diazotrophs, we assume that atmospheric deposition suffices to prevent significant limitation by this nutrient in our study (Sañudo-Wilhelmy and Kustka, 2001; Jickells et al., 2005) . A second phytoplankton compartment has been added to represent facultative diazotrophs.
Both phytoplankton compartments are described by the optimality-based chain model of , which describes the optimal regulation of phytoplankton variable C:N:P stoichiometry and photo-acclimation (optimal Chl:C ratio). Briefly, the chain model rests on the concept of ecological stoichiometry (Sterner and Elser, 2002) and trade-offs arising from P, N, and energy requirements of nutrient assimilation, CO 2 fixation and other cellular functions. The main requirement for P is in membranes and nucleic acids (mainly nucleus and ribosomes). The high P requirement for ribosomes implies that P limits N assimilation. N is needed for structural protein and enzymes and hence defines a limit for all biochemical processes, such as light harvesting, CO 2 fixation or nutrient uptake. Thus, P and N form a chain of limitations, where P limits N assimilation and N limits growth. Diazotrophs have access to the practically unlimited supply of N 2 . Although more expensive than DIN acquisition, diazotrophy is advantageous under oligotrophic conditions, as the high N supply facilitates not only CO 2 fixation. Because diazotrophs can devote more cellular N to P acquisition, diazotrophy also raises the competitive ability for DIP uptake compared to nondiazotrophs. See for details.
Model parameters for non-diazotrophic and diazotrophic phytoplankton were obtained from calibrations to chemostat experiments . Diazotrophic phytoplankton parameters were calibrated to represent the observed behaviour of Trichodesmium sp., likely the main contributor to autotrophic N 2 fixation in the subtropical North Atlantic (Capone et al., 2005) . The model of was slightly modified to describe effects of temperature (T ) on the phytoplankton maximum-rate parameter (V 0 P ), the phytoplankton light-absorption coefficient (α P ) and the cost of chlorophyll maintenance (R M chl ) by multiplying these parameters with a temperature factor as described in Pahlow et al. (2008) . Since the parameter settings for Trichodesmium in result in N 2 fixation occurring too deep in the water column, some phytoplankton parameters (Table S1) were adjusted to obtain a more realistic model behaviour. Optimality-based ecosystem model of plankton and dissolved organic matter (DOM) dynamics. The model contains optimalitybased formulations for primary production, N 2 fixation, zooplankton foraging, and heterotrophic bacterial dynamics. Phytoplankton, DOM, and detritus contain separate states for C, N, and P (double lines), whereas heterotrophic bacteria and zooplankton have fixed C:N:P composition. Diazotrophs can switch between N 2 fixation and DIN uptake (dashed arrow). Zooplankton fecal pellets are the sole source of detritus. Bacteria can potentially utilise or release inorganic N and P, depending on the C:N:P ratio of labile DOM. Labilities (labile fractions) of DOC, DON, DOP are represented by dynamic traits. Phytoplankton and detritus sink passively (export production). Air-sea exchange of CO 2 and water column carbonate chemistry are not explicitly simulated.
Zooplankton is described by an optimality-based model for zooplankton foraging (Pahlow and Prowe, 2010) . Temperature effects are treated by multiplying the maximum ingestion rate and maintenance respiration parameters with a temperature function as suggested by Pahlow and Prowe (2010) . As in Pahlow et al. (2008) , zooplankton comprises two size classes described by the fraction of small zooplankton and total zooplankton biomass. Parameters for small and large zooplankton are based on the pre-calibrated parameter sets of Pahlow and Prowe (2010) for dinoflagellates and copepods, respectively (Table S1 ). Zooplankton maintains a constant C:N:P ratio and thus excretes or respires excess C, N, or P when ingesting food with a different effective C:N:P ratio.
Heterotrophic bacteria, detritus and dissolved organic matter (DOM) have been modified from Pahlow et al. (2008) and extended to account for P dynamics. Bacterial N and P dynamics are described by a chainmodel approach, analogous to the phytoplankton compartments, except that instantaneous acclimation and constant C:N:P composition are assumed. Bacteria can supplement the dissolved organic P (DOP) associated with labile dissolved organic carbon (DOC) with additional uptake of DIP. Potential bacterial (combined inorganic and organic) P acquisition drives potential DIN uptake (V DIN B ): is the bacterial uptake affinity for inorganic phosphorus, P i . Actual DIC and DIN uptake or remineralization and respiration are then calculated according to Pahlow et al. (2008) and actual DIP uptake or release is given by:
Model runs
The model was run off-line, forced with hourly vertical profiles of temperature and eddy-diffusion coefficients supplied from a 3D circulation model for the North Atlantic (Oschlies and Garçon, 1999) (Fig. 3a ,e,i and m). However, predicted amplitude and seasonality of these parameters are essentially correct, as is the important feature that winter mixing extends below the nitracline at NASW but not at NASE (Fig. 3b ,f,j and n). Thus, we consider the accuracy of the predictions of the 3D model sufficient to be used as boundary conditions for the present study. As shown below, it did indeed allow a qualitatively correct reproduction of the biogeochemistry at NASW and NASE (see also Fig. 3c, d, g, h, k, l, o and p) . We evaluate our model predictions following a 7-year spin-up with the same forcing as 1989. A spin-up of 7 years was chosen since longer spin-ups have only a minor influence on the model results compared to a 7-year spin-up. The bottom boundary (at 3000 m for NASW and 3500 m for NASE) was closed. Vertical velocities were not applied, as the problems caused by divergences arising from up-and downwelling could not be handled in a fully consistent manner in our one-dimensional (1D) model framework. Using a 1D model also means that we miss effects of horizontal transport. While we cannot quantify the uncertainties introduced by this omission, 1D models have been employed successfully in previous studies in the North Atlantic (e.g., Pahlow et al., 2008; Salihoglu et al., 2008; Mouriño-Carballido et al., 2012) . In fact, the 1D model of Salihoglu et al. (2008) showed the highest skill when compared to satellite-based and 3D models (Saba et al., 2010) . Similarly, Arteaga et al. (2015) also found that a restriction to local factors improved the estimation of surface nutrient concentrations. Thus, the better representation of local (biotic) processes in 1D models may outweigh the omission of lateral transport.
Model experiments for NASW were initialized with observed averaged (January) profiles from the BATS site for the period 1988-2012 (http://bats.bios.edu/). Unfortunately, no reference station exists in the ultraoligotrophic NASE. For this reason model experiments at this site were initialized with averaged observed profiles from several cruises carried out in the NASE province (Marañón et al., 2007; Fernández et al., 2010 Mouriño-Carballido et al., 2011) . While not as close to the NASE location as these cruises, data from the oligotrophic site of the EUMELI project (21°N 31°W, http://www.obs-vlfr.fr/cd_rom_dmtt/eu_main.htm) have been used for model validation (see below). Unobserved quantities were calculated from assumed relations to observed quantities (Pahlow et al., 2008) .
In order to analyse the effects of diazotrophy, atmospheric deposition and preferential P remineralization and their interactions in these regions, sensitivity simulations were performed by running the model with and without these organisms/processes present. Model simulations with diazotrophic phytoplankton are labelled with a "D". In the other simulations these organisms are excluded by setting their initial concentration to zero. Simulations with atmospheric deposition of N and P, labelled with an "A", were carried out by supplying a constant flux of inorganic N and P into the surface model box of 11 m thickness. Estimates of present atmospheric N and P fluxes were obtained from Duce et al. (2008) and Mahowald et al., (2008) , respectively. N and P fluxes are 43 mol N m −2 d −1 and 0.091 mol P m −2 d −1 for BATS, and 12 mol N m −2 d −1 and 0.18 mol P m −2 d −1 for NASE. The N:P ratio of this atmospheric deposition is thus 473 and 67 for NASW and NASE, respectively, both substantially higher than the Redfield ratio. For this reason, although both N and P fluxes are included in the simulations, only the N flux is relevant for the results. While observations for temporally varying atmospheric deposition exist, they have little effect on our simulations, 
T ( , and net primary production (NPP, mmolC m −3 d −1 ) computed from model simulations (RDA configuration, including preferential remineralisation + diazotrophy + atmospheric N and P deposition) at the NASW (panels e-h) and NASE (panels m-p) model sites. Seasonal cycles derived from observations at the BATS site (panels a-d) and the oligotrophic site of the EUMELI project (panels i-l) are also included. Solid lines indicate climatological monthly mixed-layer depth computed using a temperature difference criteria of ΔT=0.5°C with respect to the surface. Dashed lines represent the nitracline depth (DIN = 0.5 mmol m −3 ).
and they are lower on average for our simulation period (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) than the year-2000 estimates applied here for the present-day deposition fluxes. As this also greatly simplifies the analysis of the impact of future changes in atmospheric deposition (where the temporal distribution is unknown), we use a temporally constant deposition flux here for simplicity. Preferential P remineralization (labelled with an "R") is simulated by increasing by a factor of 2 the disintegration rate of detrital P to DOP (Letscher and Moore, 2015) , and by reducing by the same factor the decline rate of DOP lability relative to that of DON (Fig. 2) . Thus, in our model, P remineralization (to DIP) is affected only indirectly via providing more organic P to bacteria and hence, via bacterivory, to zooplankton, which then release the additional P as DIP.
As diazotrophy, atmospheric deposition and preferential P remineralization all affect the biogeochemical state of the North Atlantic subtropical gyre, we consider the RDA configuration, including all of these processes, as the reference simulation for comparison with observations.
R E S U L T S Seasonal variability
The comparison of the observed and simulated seasonal cycles of temperature, dissolved inorganic N, chlorophyll and net primary production (NPP) for the reference RDA configuration shows that NASW is characterized by a winter mixing period with mixed-layer depths typically exceeding the nitracline depth (ca. 150 m) (Fig. 3a, b,e and f). As a result, nutrient entrainment causes an increase in primary production (Fig. 3c,d,g and h) . During summer, the water column re-stratifies, primary production declines and a deep chlorophyll maximum (DCM) develops. The model is able to reproduce the general observed patterns for the NO 3 , chlorophyll and NPP distributions. However, the peak values of chlorophyll at the DCM and of NPP during the late winter bloom are over and underestimated, respectively, by the model.
The seasonality of the NASE model output is characterized by a weaker seasonal forcing in comparison to the western location. Mixed layer depths are shallower in winter (≈120 m) and deeper in summer (≈50 m) (Fig. 3m) . Due to the presence of nutrient-poor North Atlantic subtropical mode water at NASW (Steinberg et al., 2001) , the nitracline is steeper at NASE (Fig. 3n) . However, weaker winter mixing at this station prevents significant penetration of the mixed layer below the nitracline depth. Although the main seasonal features observed at NASW, such as the winter-spring maximum in primary production and the formation of a DCM during summer stratification, are also observed at NASE, maximal values are lower reflecting the stronger oligotrophy at the eastern site. Monthly climatologies calculated from observations for the oligotrophic site of the EUMELI project show the seasonal cycles of temperature, NO 3 , chlorophyll and NPP in comparison with our model predictions (Fig. 3i-p) . Although the coarse resolution of these measurements makes the comparison somewhat difficult, the general patterns of the nutrient, chlorophyll and NPP distributions at NASE appear consistent with our model results, except the timing of the peak in NPP. ( Fig. 4b ), although the difference is not statistically significant. The modelled chlorophyll at the NASE site shows much less seasonality, with a maximum of 19 mg m −2 in March and a minimum of 13.4 mg m −2 in December (Fig. 4c) . The predicted pattern is compatible with data from several cruises carried out in the NASE region between 1992 and 2001 (Marañón et al., 2007) and also with observations from the EUMELI project, both of which indicate much weaker seasonality at NASE compared to NASW. Modelled NPP is also maximal in March (31.5 mmol C m
) and declines to a minimum in December (15 mmol C m
), and is in good agreement with observations carried out between April and November in the NASE region (Fig. 4d) . The few measurements available for the period from December to March indicate a stimulation of NPP, in line with the model results. In general, differences in the seasonal variability and values of chlorophyll and primary production at the two sites are in good agreement with previous studies on both sides of the North Atlantic (Steinberg et al., 2001; Neuer et al., 2007; Fernández-Castro et al., 2012) . ) and NASE for March 1992 to November 2001 (Marañón et al., 2007) , respectively (see Table I ). Since we do not consider vertical velocities in our simulations, we miss the associated NO 3 − and PO 4 3− fluxes into and out of the photic layer. Siegel et al. (1999) , which is much higher than the total upward N flux in our model (~240 μmol m −2 d −1 ). Subseasonal variations in surface DIN are indeed somewhat weaker in our model than in the BATS data (not shown), and our modelled annual NPP at NASW (29 ± 6.8 mmol C m
) is, albeit only slightly, lower than observations at BATS (36.5 ± 5.9 mmol C m
). A possible reason for such a weak effect of missing episodic vertical velocities may be that at NASW cyclonic eddies uplift water with relatively low Si * (the relative abundance of silicate over nitrate), a signature that originated in the iron-limited Southern Ocean (Bibby and Moore, 2011) . This phenomenon can explain the dominance of the phytoplankton community by small prokaryotic phytoplankton in cyclonic features in this region and, on average, no significant increases in primary production (Mouriño-Carballido, 2009 The model estimates of net community production (NCP) for NASW (6.5 mmol C m −2 d −1 ) fall well within the range of estimates for BATS (Musgrave et al., 1988; Marchal et al., 1996; Gruber et al., 1998; Brix et al., 2006; Fernández-Castro et al., 2012) . Predicted NCP at NASE is less than half of that at BATS (2.5 mmol C m −2 d −1 ). Biogeochemical estimates of NCP rates reported for the ESTOC site located in the eastern (more productive) end of the NASE province are somewhat lower than those reported for BATS (González-Dávila et al., 2007; Fernández-Castro et al., 2012; Cianca et al., 2013) . Furthermore, carbon export fluxes measured by sediment traps at ESTOC are 3-4 times lower compared to BATS (Helmke et al., 2010) .
The modelled seasonal cycle of depth-integrated N 2 fixation at NASW for the reference model configuration (RDA) shows minimal N 2 fixation in spring, increasing during summer towards a maximum in October, immediately below the mixed layer depth, and declining, although not to zero, during the winter mixing period ( Fig. 5g) . This pattern is in close agreement with the marked seasonality reported for the Trichodesmium sp. colony abundance and N 2 fixation at the BATS site for the period 1995-1997 (Orcutt et al., 2001) , although somewhat different in magnitude (Fig. 5a) . This difference might partly be due to fixation by free trichomes. For example, Orcutt et al. (2001) inferred from a few measurements of free trichome abundances that trichomes contribute a major fraction to the total N 2 fixation, with a maximum in August, slightly earlier than predicted by the model. In the model, the N 2 fixation maximum occurs at about 50 m, immediately below the mixed layer depth and above the DCM, whereas field observations indicate a strong decrease below the surface maximum.
Modelled annual-mean depth-integrated N 2 fixation for NASW, for the reference model configuration (29 ± 23 µmol N m −2 d −1 ) is comparable with total (free trichomes + colonies) N 2 fixation reported by Orcutt Model simulations correspond to the reference RDA (including preferential remineralization + diazotrophy + prescribed atmospheric N and P deposition) configuration. Stocks and rates values correspond to depth integrations in the photic layer (determined as the deepest model bin where NPP > 0). NPP is net primary production; POC (PON/POP) is particulate organic carbon (nitrogen/phosphorus) concentration; DOC (DON/DOP) is dissolved organic carbon (nitrogen/phosphorus) concentration; Mix. is vertical mixing across the thermocline; and Dep., atmospheric deposition. Data for NASW are from the BATS site unless indicated. ). The reference simulation at the NASE site predicts the N 2 fixation maximum between September and October, also below the mixed layer, at about 50 m ( Fig. 5b and h) . However, the model also predicts weak N 2 fixation in the mixed layer during the winter mixing period. The minimum in this case is between April and June. Unfortunately, the limited existing observations are insufficient to establish the seasonality of N 2 fixation in this region. Modelled annual-mean depth-integrated N 2 fixation rate for NASE (49 ± 17 µmol N m
) is higher than for NASW, and in good agreement with the depth-integrated estimate obtained from the Luo et al. calculated within a radius of 10°around the reference station for NASE).
Sensitivity of N 2 fixation to preferential P remineralization and atmospheric fluxes
The comparison of our model simulations shows that the predicted seasonal and vertical distribution of diazotrophy is sensitive to preferential remineralization of phosphorus and atmospheric deposition of N and phosphorus, for both NASW and NASE (Fig. 5) . For the D (diazotrophy) configuration, depth-integrated N 2 fixation at NASW is minimal in July and increases towards a maximum in February during the winter mixing period (Fig. 5a and c) . This seasonal structure is not consistent with the observed pattern. The RD (diazotrophy + preferential remineralization) model configuration produces generally higher depth-integrated N 2 fixation rates and the seasonal variability agrees better with the observations, as N 2 fixation peaks in October and starts declining when the mixed layer starts deepening (Fig. 5a ). Significant N 2 fixation still occurs in January and February but volumetric rates are low compared to the summer-autumn maximum (Fig. 5e) . When atmospheric N deposition is also included, the model is better capable of reproducing the observed seasonal patterns as depth-integrated N 2 fixation in winter is more strongly reduced in comparison with the summer (Fig. 5a ). The seasonal variability of the modelled diazotrophic activity at NASE shows similar patterns as described for NASW, but autumn-time N 2 fixation is less important in relative terms compared to BATS. The D and RD simulations show maximum N 2 fixation at the surface, decreasing rapidly with depth at both locations (Fig. 5 ), in agreement with the observations for the BATS site (Orcutt et al., 2001) . In the RDA simulation, the introduction of atmospheric N at the upper boundary displaces the N 2 fixation maximum deeper in the water column. This occurs because the enhanced N availability due to atmospheric deposition reduces the available niche for N 2 fixation at the surface.
Cellular resource allocation
Diazotrophs can access the inexhaustible pool of N 2 but this ability comes at the cost of having to allocate cellular resources in the form of energy and N (for the necessary enzymes) to the task of N 2 fixation. The optimality-based chain model of describes the allocation of cellular N among the requirements for CO 2 fixation, N 2 fixation, DIN uptake and DIP uptake, so that net growth is maximized. Owing to the high availability of N 2 gas, diazotrophs can afford to allocate a much smaller fraction of their cellular N to N acquisition (combined N 2 fixation and DIN uptake) than non-diazotrophs. Fig. 6 shows relative allocation in units of mol N mol N, −1 but the patterns are very similar for absolute allocation in units of mol N mol C −1 (not shown), owing to the generally higher N demand of the diazotrophs. The sum of the allocations shown in Fig. 6 is less than one because it is only the allocation towards nutrient acquisition, with the remainder being allocated to light harvesting, CO 2 fixation and structural protein (not shown). At deeper layers, most of the cellular N is allocated towards light harvesting, resulting in only minor allocations for nutrient acquisition in Fig. 6 . While non-diazotrophs allocate most of the N devoted to nutrient acquisition towards DIN uptake, diazotrophs need to allocate only a much smaller fraction of their cellular N towards N acquisition and hence can allocate more towards DIP uptake (Fig. 6) . Their high N supply compared to non-diazotrophs in the oligotrophic waters of the NASW and NASE locations thus confers another strong advantage to the diazotrophs: a much improved ability to acquire and compete for DIP. Fig. 7 illustrates the roles of atmospheric deposition and preferential phosphorus remineralization on NPP and diazotrophy at NASW and NASE. Including diazotrophy (D) at NASW causes an increase in NPP by about 44% with respect to the control configuration (0). NPP increases even more (by about 100%) when preferential phosphorus remineralization is also included together with diazotrophy (RD), but preferential remineralization alone (R) has no effect. Nevertheless, the diazotrophs themselves contribute less than 5% to the total NPP (Fig. 7 , circled light coloured bars), indicating that N 2 fixation predominantly enhances NPP indirectly, by fuelling the productivity of non-diazotrophs through remineralization of the added fixed N. The inclusion of atmospheric deposition (RA) stimulates productivity by about 60% with respect to the R simulation, but the stimulation (i.e. the difference between RDA and RD simulations) is weak when diazotrophs are present. N 2 fixation rates are relatively low for the D configuration (16 ± 14 µmol N m
Atmospheric deposition and preferential remineralization of phosphorus
) but increase by more than 300% due to the effect of enhanced phosphorus availability caused by preferential phosphorus remineralization (RD). Atmospheric deposition with high N:P ratios causes a dramatic reduction of N 2 fixation rates (RDA),
, very similar to the amount of deposited N. Similar to the patterns described for the NASW simulations, NPP rises by ≈71% at NASE due to the inclusion of diazotrophs (D) compared to the control (0) configuration (Fig. 7) , by 136% when preferential phosphorus remineralization is also considered (RD), and it is very similar in the R and 0 configurations. The effect of the atmospheric deposition on NPP is weak in any case due to the weaker flux used for this site. The enhancement of N 2 fixation by preferential phosphorus remineralization is also significant for NASE (156%) but weaker compared to NASW. Inclusion of atmospheric deposition reduces N 2 fixation by 6.4 µmol N m
, which is about half of the N deposition flux. Reproduction of the observations of both NPP and N 2 fixation rates is best with the RDA simulations.
D I S C U S S I O N
The role of oligotrophy and N:P supply ratios in controlling diazotrophy
The subtropical North Atlantic has been reported to be an area of moderate N 2 fixation activity (Luo et al., 2012) in the main thermocline (150-900 m). This feature has been attributed to the remineralization of N-rich organic matter, partly resulting from diazotrophic activity. Hence, the tracer N * = NO 3 − − 16PO 4 3+ has been used to estimate N 2 fixation rates in this region (Gruber and Sarmiento, 1997; Hansell et al., 2004 Hansell et al., , 2007 . This feature can be expected to exert control on diazotrophy by enhancing the N:P supply ratio into the photic layer. In fact, according to the notion that diazotrophy is ultimately coupled to N loss processes (Deutsch et al., 2007) , if excess P is an essential requirement for diazotrophy, the occurrence of N 2 fixation in this area cannot be explained without the existence of an external input of excess P (i.e. lateral transport in the Gulf Stream, see Palter et al., 2011) .
Models based on optimal phytoplankton growth have successfully reproduced phytoplankton growth in laboratory cultures and in the open ocean Arteaga et al., 2014) . These models provide a mechanistic description of phytoplankton elemental stoichiometry and physiology controlling nutrient uptake and growth, by allocating nutrients and energy such that the growth of the organism is maximized. These models represent an improvement over more traditional models with constant stoichiometry, where nutrient uptake is generally represented by Michaelis-Menten kinetics (Smith et al., 2011) . The recently proposed optimality-based model of phytoplankton growth and diazotrophy , used in this study, offers a new interpretation of the controls of diazotrophy in plankton communities. This model appears consistent with the occurrence of diazotrophy in environments where the N:P supply ratio is higher than the Redfield ratio, and also with the finding that N 2 fixation is favoured by P limitation in terrestrial ecosystems (Houlton et al., 2008) . The existence of diazotrophy in high N:P supply environments is possible in the optimality-based approach under oligotrophic conditions. This is because, under nutrient starvation, diazotrophs can allocate more of their fixed N to the phosphorus acquisition machinery and successfully compete for this element (Fig. 6d ,e,i and j). Thus, a major competitive advantage of the diazotrophs derives from their enhanced ability to invest in DIP uptake. As a consequence, diazotrophy is favoured both by oligotrophy, also with respect to P, and by low N:P supply ratios (see Fig. 7 in .
By using the optimality-based diazotrophy model described by we successfully reproduced seasonal patterns of diazotrophy biomass and N 2 fixation rates observed at the two sites located in the eastern (NASE) and western (NASW) subtropical North Atlantic. For that, we need to include in the simulations, at both stations, current estimates of N and P atmospheric deposition and preferential P remineralization. Although nutrients are supplied with an N:P ratio significantly higher than the Redfield ratio at both stations, especially when atmospheric deposition is considered, the oligotrophic conditions allow the occurrence of diazotrophy. Moreover, also in good agreement with the observations, our model predicts higher N 2 fixation rates at NASE. This site is characterized by a stronger degree of oligotrophy and weaker atmospheric N deposition rates (see Table I ), allowing for a larger niche for diazotrophs. As a consequence, N 2 fixation rates are almost 2-fold higher at this location, compared to NASW, for the reference model run including preferential remineralization and atmospheric deposition (RDA), despite 1.5 times higher NPP rates in the west. The proportion of diazotrophs relative to ordinary phytoplankton at NASE is also higher for the reference RDA simulation (Table I, Fig. 8 ). This is the result of lower N:P ratios of Table I the physical supply (due to weaker atmospheric deposition), and the lower nutrient supply into the photic layer at the NASE site (Fig. 8) . Furthermore, due to the weaker physical supply of new N, both through transport across the thermocline and atmospheric deposition, diazotrophy plays a more important role at NASE, supplying 29% of the newly available N, whereas it contributes only 10% at NASW. This fact highlights the more important role of diazotrophy for new production in the eastern station. These results agree with the findings of Luo et al. (2012) and , who found a west to east increase in diazotrophy in the subtropical North Atlantic.
Interaction between diazotrophy, preferential P remineralization and atmospheric deposition
Recently, based on the compilation of global measurements of DOM concentration, Letscher and Moore (2015) demonstrated that phosphorus is remineralized 1.5-3 times faster than N in the upper ocean, and that this trend is more pronounced in the North Atlantic basin, where N 2 fixation is also important (Luo et al., 2012) . Previous studies already demonstrated the importance of faster P cycling in this region (Wu et al., 2000) , and also pointed at this mechanism as a possible contributor, together with N 2 fixation, to the development of the nitrate excess in the thermocline (Monteiro and Follows, 2012) . Letscher and Moore (2015) also suggested a close interaction between diazotrophy and preferential remineralization of phosphorus, as this mechanism could stimulate diazotrophy and primary production.
Sensitivity simulations carried out with our different model configurations indicate that faster P recycling can significantly increase N 2 fixation and improve the reproduction of its seasonality.
Rapid recycling of P increases its availability during the late summer months, making it available for diazotrophs and increasing the rate of N 2 fixation during this period (RD and RDA simulations). In the D simulation (without preferential P remineralization), P availability is too low during late summer and autumn, and maximum fixation occurs in winter and spring, when P availability is enhanced by deep mixing. This seasonal pattern is opposite to the observed pattern at BATS (Fig. 5a ). Including this process is also essential to achieve a good reproduction of the observed NPP and N 2 fixation rates at both sides of the subtropical North Atlantic (Fig. 7) . Preferential remineralization increases phosphorus supply to the photic layer, resulting in a lower N:P ratio of the supply (Fig. 8) . As oligotrophy is relieved in this case, and the N:P supply ratios across the thermocline are only slightly reduced, preferential P remineralization also reduces the N:P of the nutrient supply resulting from remineralization processes within the photic zone, enhancing the competitive advantage of diazotrophs. Thus, this process is relatively most effective during stratified conditions in summer and causes a peak in integrated N 2 fixation towards late summer/early autumn ( Fig. 5e and f) . Lowering the N:P supply below Redfield proportions via preferential P remineralization has been the mechanism creating the niche for diazotrophs in previous modelling studies (Zamora et al., 2010; Letscher and Moore, 2015) . By contrast, diazotrophy is favoured also by oligotrophy with respect to P, owing to the high competitive ability for P of the diazotrophs ( Fig. 6e and j) , so that diazotrophy is compatible with much higher N:P supply ratios in our approach.
In our simulations atmospheric deposition results in an increase in the N:P ratio of the physical nutrient supply (Fig. 8) , and, as a consequence, causes a decrease of N 2 fixation rates (Figs. 5 and 7) . Again, NASW is more sensitive to this flux both because it departs from an already reduced diazotrophy niche in comparison to NASE and also because atmospheric N deposition estimates are higher for this location. Atmospheric deposition (whether constant or temporally variable) shifts N 2 fixation even further towards the late summer/early autumn peak compared to the RD simulation, which agrees better with the observations (Fig. 5) . Owing to the high N:P ratio of the atmospheric deposition, the N: P supply ratio is raised most strongly at the surface and hence not only reduces overall N 2 fixation but also pushes the peak down below the bottom of the mixed layer. A subsurface niche for diazotrophs may, at first sight, look counter-intuitive. However, comparison with Fig. 3 reveals that this N 2 fixation occurs well above the nitracline at both sites, where primary production is still strongly limited by N supply. The N from atmospheric deposition is utilized within the mixed layer, and N from below the nitracline cannot move upwards due to a lack of mixing. Thus, the diazotroph niche comes to exist between the bottom of the mixed layer and the top of the nitracline. This does not happen during the winter-mixing period at BATS, because at that time N supply from below prevents the generation of a subsurface niche for diazotrophs. The interaction between N 2 fixation and atmospheric deposition of high N:P matter is particularly critical as significant increases of atmospheric N deposition are predicted for the coming decades (Duce et al., 2008) . We further investigate this interaction at both sites by simulating scenarios of progressively enhanced N input from the atmosphere, ranging from 0 to 4 (NASW) and from 0 to 6 (NASE) times the respective present-day estimates of atmospheric deposition (Fig. 9) . The upper limit might not be realistic in the near future, but human activity might lead to increments by a factor of about 1.5 for large areas of the North Atlantic within the next 20 years (Duce et al., 2008) . In the absence of preferential P remineralization, the estimated present-day deposition of N can already destroy the niche for diazotrophs at NASW (not shown). All simulations in Fig. 9 include preferential remineralization of phosphorus, and even in this case, a deposition of about 80 µmol N m
, less than twice the present-day estimate, completely suppresses N 2 fixation at NASW. However, for the NASE site, where the present estimate of atmospheric N deposition is lower, a 6-fold increase in atmospheric deposition (ca. 70 µmol N m −2 d −1
) will be needed to suppress N 2 fixation. At both sites, the effect of increasing atmospheric deposition on N 2 fixation could be either stronger or weaker compared to Fig. 9 , depending on the seasonal distribution of the additional atmospheric deposition. describe an emerging feature resulting from a community of competing diazotrophic and non-diazotrophs, controlling ambient DIN:DIP ratios and decoupling them from the supply ratio. The optimal ratio of DIN and DIP uptake in the chain model depends on ambient DIN and DIP concentrations and is much higher than the Redfield ratio for non-diazotrophs in the present model simulations (about 27, Table I ). Owing to the fact that diazotrophs do not require fixed N for growth, the fixed N is eventually, i.e. after being recycled through grazing and remineralization, utilized by non-diazotrophs. Due to the high cost of N 2 fixation, the competition between diazotrophs and nondiazotrophs thus leads to a strong dominance of the nondiazotrophs. Still, the diazotroph's niche appears stable, as it persists throughout our simulations unless atmospheric N deposition is too high.
Since the main effect of the N 2 fixation is an amplification of primary production by the non-diazotrophs, the very weak effect of the diazotrophs on DIN:DIP is overridden by the much stronger effect of the high DIN: DIP uptake ratio of the non-diazotrophs, which drives ambient DIN:DIP ratios towards values lower than Redfield. Thus, despite the high total N:P supply ratios (26.8 and 33.2 for NASW and NASE, respectively), the DIN:DIP ratios in the euphotic zone for our reference simulation, are 12 and 14 for NASW and NASE, respectively, in close agreement with the observations. This would not be possible if DIN and DIP were utilized in Redfield proportions, which would necessarily raise ambient DIN:DIP ratios above the supply ratio. Due to low nutrient concentrations in the subtropical surface oceans, the DIN:DIP ratios are difficult to determine accurately enough to confidently validate the model. The averaged ratio of nitrate (NO 3 + NO 2 ) to phosphate (PO 4 ) calculated with data from the BATS site is 24, very similar to the supply ratio. However, when low-level (nano-molar) P determinations (reported as soluble reactive phosphorus) are considered, this ratio drops to 13, in close agreement with the model.
Our simulations with increasing N deposition, which result in progressively enhanced N:P ratios of the physical (mixing + deposition) nutrient supply, indicate that diazotrophy also controls the N:P ratio of the total supply, including physical processes and N 2 fixation (Fig. 9) . At NASW, the total N:P supply ratio is about 27, well above Redfield, except at high N atmospheric deposition when the N:P ratio is higher than this value and diazotrophy is suppressed. At NASE, the total N:P supply ratio is 30 in all simulations including diazotrophy, sensibly higher compared to NASW. This is likely the result of the most favourable niche for diazotrophs provided by the more oligotrophic conditions at NASE, as indicated by the much lower DIN and DIP fluxes (Table I) . Despite these more favourable conditions for diazotrophy at NASE, an atmospheric deposition flux of about 70 µmol N m −2 d −1
would be enough to cause (N:P) supply »30 and suppress N 2 fixation. The atmospheric flux needed to suppress nitrogen fixation is slightly lower compared to NASW due to the weaker phosphorus input. These results suggest that the increase in atmospheric deposition of N predicted for the next century (Duce et al., 2008) could potentially have a strong negative effect on marine diazotrophy, possibly counteracting the favourable conditions generated by the expansion of warm and well-stratified areas of the ocean (Polovina et al., 2008) .
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